The role of spontaneous and piezoelectric polarization in III-V nitride heterostructures is investigated. Polarization effects and crystal polarity are reviewed in the context of nitride heterostructure materials and device design, and a detailed analysis of their influence in nitride heterostructure field-effect transistors is presented. The combined effects of spontaneous and piezoelectric polarization are found to account well for carrier concentrations observed in AlGaN/ GaN transistor structures with low to moderate Al concentrations, while the data for higher Al concentrations are consistent with defect formation in the AlGaN barrier. Theoretical analysis suggests that incorporation of In into the barrier and/or channel layers can substantially increase polarization charge at the heterojunction interface. The use of polarization effects to engineer Schottky barrier structures with large enhancements in barrier height is also discussed, and electrical characteristics of transistors with conventional and polarization-enhanced Schottky barrier gates are presented. The polarization-enhanced barrier is found to yield a marked reduction in gate leakage current, but to have little effect on transistor breakdown voltage.
I. INTRODUCTION
III-V nitride heterostructures are of outstanding current interest for a wide range of device applications, including blue and ultraviolet light-emitting diodes and lasers, 1 hightemperature/high-power electronics, [2] [3] [4] [5] [6] visible-blind ultraviolet photodetectors, 7, 8 and field-emitter structures. 9, 10 In addition, these materials, by virtue of their wurtzite crystal structure and high degree of ionicity, exhibit a variety of material properties that either are not found or are of considerably reduced importance in conventional zincblende III-V semiconductors. Of particular interest are piezoelectric and spontaneous polarization effects, which recent experimental and theoretical investigations have revealed to be of great importance in the design and analysis of nitride heterostructure devices, [11] [12] [13] [14] and which can be exploited to advantage in nitride materials and device engineering.
In this article, we review the basic phenomena of spontaneous and piezoelectric polarization in nitride semiconductors and discuss their role in nitride heterostructure device physics, with particular emphasis on the design and analysis of nitride-based heterostructure field-effect transistors ͑HFETs͒. Section II provides an overview of piezoelectric and spontaneous polarization effects in nitride heterostructures, the influence of crystal polarity, and the role of polarization effects in the analysis and design of various nitride heterostructure devices. Section III focuses specifically on the role of spontaneous and piezoelectric polarization in the analysis and design of nitride HFETs; the use of polarization effects to engineer Schottky barrier structures in nitride HFETs is addressed in Sec. IV. Section V concludes the article.
II. OVERVIEW OF POLARIZATION EFFECTS
The wurtzite crystal structure of nitride semiconductors combined with epitaxial growth that is performed typically in the ͑0001͒ orientation leads to the existence of a piezoelectric polarization field and associated electrostatic charge densities in strained material that have been shown to influence carrier distributions, electric fields, and consequently a wide range of optical and electronic properties of nitride materials and devices. In addition, recent theoretical results have indicated that nitride semiconductors also possess a large spontaneous polarization, 15 associated with which will be electrostatic charge densities analogous to those produced by piezoelectric polarization fields. In bulk material it is assumed that rearrangement of surface charges nullifies spatially uniform piezoelectric and spontaneous polarization fields. In heterostructures or inhomogeneous alloy layers, however, variations in composition are expected to create nonvanishing spontaneous and piezoelectric polarization fields and associated charge densities that can dramatically influence material properties and device behavior.
The piezoelectric polarization field P pz is determined by the piezoelectric coefficients e i j and the strain tensor ⑀ j , and is given by over repeated indices is assumed. The total polarization field P is then the sum of P pz and the spontaneous polarization P sp , and is related to the polarization charge density pol according to ٌPϭٌ•͑P sp ϩP pz ͒ϭϪ pol . ͑2͒
From Eq. ͑2͒ it is evident that at an abrupt heterojunction interface, a polarization sheet charge density will be present arising from the difference in spontaneous polarization between the two heterojunction constituents and from the abrupt change in strain ⑀ j that gives rise to a discontinuity in P pz . In compositionally graded alloy layers, the spatially varying polarization field will produce either positive or negative volume charge densities that will in many respects act as donors or acceptors, respectively. Finally, it should be noted that very gradual changes in P, as would arise from uniform or nearly uniform stress in an epitaxial layer structure, will produce only very small polarization charge densities.
Closely related to the investigation of polarization and its influence on nitride heterostructure device physics is the issue of crystal polarity. Figure 1 shows a schematic diagram of the GaN wurtzite crystal structure. The lack of inversion symmetry in the ͑0001͒ plane gives rise to two possible polarities for ͑0001͒ epitaxial growth. The upper ͑0001͒ surface in the figure is referred to as the A ͑or Ga͒ face, and the lower (0001 ) surface as the B ͑or N͒ face. It has been found empirically that the orientation of high-quality nitride films grown by metalorganic chemical vapor deposition ͑MOCVD͒ is typically ͑0001͒, whereas molecular-beam epitaxy ͑MBE͒ can yield high-quality films with either the ͑0001͒ or the (0001 ) orientation. ͑0001͒ and (0001 ) films can be distinguished from each other by a variety of techniques including wet chemical etching, characterization of physical morphology, and convergent beam electron diffraction. 16 Polarity in epitaxially grown nitride films is significant in the context of polarization because the spontaneous and piezoelectric polarization fields have a well-defined orientation with respect to the A and B crystal faces. Theoretical calculations 15 indicate that for GaN, AlN, and InN the spontaneous polarization field is in the ͓0001 ͔ direction, i.e., pointing from the A face to the B face as indicated in Fig. 1 . Experimental 12,13 and theoretical 15 results have indicated that the signs of the relevant piezoelectric coefficients in the nitrides are such that for ͑0001͒ films grown under tensile or compressive strain, P pz is in the ͓0001 ͔ or ͓0001͔ direction, respectively. The orientation of the piezoelectric polarization field with respect to the crystallographic axes in the nitride semiconductors is opposite that found in other III-V semiconductors and is the same as that found in II-VI semiconductors, a consequence of the greater ionicities of III-V nitrides compared to those of other III-V semiconductors. 13, 15, 17 For strained III-V nitride epitaxial layers grown in the ͑0001͒ orientation, a piezoelectric polarization will be present aligned along the ͓0001͔ direction and given by
The values of the spontaneous polarization and of the relevant piezoelectric and elastic constants in III-V nitrides have in many cases not been definitively established. Table I shows values for several relevant physical quantities for GaN, AlN, and InN. [18] [19] [20] [21] [22] [23] [24] [25] [26] [27] [28] [29] [30] [31] [32] In this work, we have used theoretical values 15 for spontaneous polarization and for the piezoelectric coefficients e 31 and e 33 . For spontaneous polarization, only a single set of theoretical values, and no experimental values, are available. For the piezoelectric coefficients, only theoretical values are available for InN; for AlN, experimental and theoretical values appear to be in good agreement. In the case of GaN, there is a significant discrepancy between the experimental and theoretical values, particularly for e 31 ; for consistency, and given the large uncertainty likely to exist for both the experimental and theoretical values, we have used the theoretical values for e 31 and e 33 . For the elastic constants c 13 and c 33 , we have used the averages of the values listed in Table I . Values for ternary and quaternary alloys are then obtained by simple linear interpolation.
Recent work has demonstrated that polarization effects can exert a pronounced influence on heterostructure material FIG. 1. Crystal structure, spontaneous polarization fields (P sp ) and piezoelectric polarization fields (P pz ) for GaN ͑top͒, and for Al x Ga 1Ϫx N and In y Ga 1Ϫy N coherently strained to GaN ͑0001͒.
properties and device physics, and furthermore that these effects can be used to achieve substantial improvements in various aspects of device performance. In In y Ga 1Ϫy N/GaN quantum well structures, polarization fields in the In y Ga 1Ϫy N quantum wells lead to substantial redshifts in luminescence energy that are screened at high carrier concentrations. [33] [34] [35] [36] [37] Recently, it has also been shown that local strain fields associated with threading dislocations can create substantial electrostatic sheet charge densities, and consequently electric fields, at a free surface or a heterojunction interface in the vicinity of the dislocation. 38 In Al x Ga 1Ϫx N/GaN HFETs, positive polarization charge at the Al x Ga 1Ϫx N/GaN interface contributes to the formation of a two-dimensional electron gas ͑2DEG͒ with extremely high carrier concentrations. 12, 13 Furthermore, polarization charges can be used in a nitride HFET to achieve a dramatic increase in barrier height, and consequently a reduction in gate leakage current, without increasing the total barrier thickness or the Al concentration in the Al x Ga 1Ϫx N layer. 39 Finally, polarization charges in compressively strained In y Ga 1Ϫy N deposited on GaN can be used to lower the surface barrier, and consequently decrease turn-on voltage, for GaN field emitters. 40 
III. POLARIZATION EFFECTS IN HFETs
It has emerged from studies of Al x Ga 1Ϫx N/GaN HFETs that polarization charges at the Al x Ga 1Ϫx N/GaN interface are a dominant factor in the formation of a 2DEG with extremely high carrier concentration at the heterojunction interface. 12, 13 For an Al x Ga 1Ϫx N/GaN HFET epitaxial layer structure, the Al x Ga 1Ϫx N will be under tensile strain and, for growth on the ͑0001͒ surface ͑i.e., A or Ga face͒, a positive polarization charge density will be present at the Al x Ga 1Ϫx N/GaN heterojunction interface. For growth on the ͑0001͒ surface, the polarization sheet charge density pol at the heterojunction interface and the electron sheet concentration n s in the 2DEG will be given approximately by n s ϭ pol /eϪ͑⑀ AlGaN strain relaxation initiates for Al 0.25 Ga 0.75 N layer thicknesses between 20 and 40 nm, suggesting that the discrepancy between our calculated and measured values at Al concentrations above ϳ20% may be due partly to strain relaxation and, consequently, a reduction in piezoelectric polarization charge, or possibly to formation of compensating defects in the Al x Ga 1Ϫx N layer. The analysis of sheet carrier concentration as a function of composition can be extended to include In-containing alloys. Because of the relatively large lattice mismatch between InN and GaN compared to that between AlN and GaN ͑11.3% and 2.4%, respectively͒, low In concentrations in an In y Ga 1Ϫy N alloy will lead to relatively high piezoelectric charge densities at an In y Ga 1Ϫy N/GaN heterojunction interface. Because In y Ga 1Ϫy N grown on GaN will be under compressive strain, a negative piezoelectric sheet charge density will be present at the bottom of the In y Ga 1Ϫy N layer and a positive sheet charge density at the top, for growth on the ͑0001͒ surface. Incorporation into an HFET structure of an In y Ga 1Ϫy N channel layer with an Al x Ga 1Ϫx N barrier should therefore lead to a substantial increase in polarization charge density at the 2DEG interface, as shown in Fig. 3 . The major additional contribution to polarization charge is expected to be piezoelectric, since the calculated values of spontaneous polarization for GaN and InN differ by only a small amount.
An additional possibility is incorporation of an Al x In y Ga 1ϪxϪy N barrier into an HFET structure. Incorporation of In into the barrier layer will allow higher Al concentrations to be attained without strain relaxation. Because the discontinuity in spontaneous polarization is expected to provide a larger contribution to polarization charge at the heterojunction interface than piezoelectric polarization for a given change in Al concentration, an Al x In y Ga 1ϪxϪy N barrier structure may be expected to provide a substantial polarization sheet charge ͑due to spontaneous polarization͒ even at compositions lattice matched to GaN as shown in Fig. 4 . Furthermore, for a given degree of tensile strain the polarization charge at the Al x In y Ga 1ϪxϪy N/GaN interface is expected to increase with In concentration, and consequently the maximum polarization charge density that can be achieved without strain relaxation in the barrier layer will also increase with In concentration.
IV. SCHOTTKY BARRIER ENHANCEMENT IN NITRIDE HFETs
As an example of the use of polarization effects to improve various aspects of device performance, we describe recent studies in which polarization effects were used to achieve large increases in Schottky barrier height in an Al x Ga 1Ϫx N/GaN HFET structure, 39 and in which the influence of this increase on transistor characteristics was investigated. Figure 5͑a͒ shows a schematic energy band diagram for an HFET epitaxial layer structure in which the barrier incorporates a thin GaN layer grown on top of the conventional Al x Ga 1Ϫx N barrier. Figure 5͑b͒ shows the correspond- ing charge distribution in this structure, assuming growth on the ͑0001͒ surface. As shown in Fig. 5 , incorporation of a GaN layer above the Al x Ga 1Ϫx N barrier layer allows the negative polarization charge at the top of the Al x Ga 1Ϫx N layer to be positioned within the Schottky barrier structure, thereby increasing the effective barrier height. This approach is analogous to the use of a thin p ϩ layer near the metalsemiconductor interface of an n-type Schottky diode to increase the effective barrier height electrostatically. In the structure shown in Fig. 5͑a͒ , however, control over layer thickness and composition in epitaxial growth allows the magnitude and position of the polarization charge to be controlled very precisely.
A straightforward electrostatic analysis shows that the 2DEG sheet concentration n s and the effective barrier height b,eff are given by
where pol is the GaN/Al x Ga 1Ϫx N interface polarization sheet charge density ͑including both spontaneous and piezoelectric polarization͒, d 1 .0 V, and showing both the separate and combined effects of the spontaneous and piezoelectric contributions to polarization charge. The total barrier thickness was kept at 300 Å because in an HFET device it is desirable to maintain a small barrier thickness to ensure a high gate capacitance and, consequently, high channel conductance and transconductance. Figure 6 shows that extremely large increases in barrier height may be expected, particularly for higher Al concentrations, when a thin GaN layer is incorporated at the top of the barrier. However, the sheet concentration decreases with increasing GaN layer thickness, necessitating a tradeoff between n s and b,eff in selecting an optimum GaN layer thickness. Figure 7 shows transistor characteristics for the conventional-and enhanced-barrier HFET structures. The enhanced-barrier HFET is characterized by slightly lower drain current and transconductance than the conventionalbarrier HFET, features which we attribute primarily to the slightly lower sheet concentration and Hall mobility observed in the enhanced-barrier epitaxial layer structure (4.5 ϫ10 12 cm Ϫ2 and 620 cm 2 /V s at 300 K, in comparison to 5.0ϫ10 12 cm Ϫ2 and 800 cm 2 /V s for the conventional-barrier structure͒. Figure 8 shows the gate-drain diode characteristics for these structures. As expected for the enhanced-barrier structure, there is a strong suppression in reverse-bias leakage current-a factor of approximately ten to several hundred-and an increase in forward-bias turn-on voltage of approximately 0.3 V. A further benefit that might be expected from an increased barrier height is that, if transistor breakdown were to occur primarily via tunneling current through the gate, the enhanced-barrier structure should exhibit a substantially increased breakdown voltage. Detailed investigations of this possibility have been performed using the conventional-and enhanced-barrier HFET device structures. Figure 9 shows the drain and gate currents as functions of the drain-source voltage V ds for the conventional-and enhanced-barrier HFET structures. Defining breakdown to occur at a current of 1 mA/mm, essentially identical breakdown voltages of 98 and 100 V are measured for the enhanced-and conventionalbarrier devices. Subsequent analysis of breakdown voltage as a function of temperature has shown that the breakdown voltage increases with increasing temperature, indicating that the primary breakdown mechanism is impact ionization rather than gate tunneling, and explaining the similarity in breakdown voltages measured for the different device structures.
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V. CONCLUSIONS
We have investigated the role of spontaneous and piezoelectric polarization in nitride heterostructures, with particular emphasis on the design, characterization, and analysis of nitride HFETs. A detailed understanding of polarization effects and of the closely related issue of crystal polarity is essential in nitride heterostructure materials and device engineering. For Al x Ga 1Ϫx N/GaN HFETs we have found that, at low to moderate Al concentrations, the 2DEG carrier concentrations observed are in very good agreement with those expected to arise from the combined effects of spontaneous and piezoelectric polarization. At higher Al concentrations, the data are consistent with partial strain relaxation in the Al x Ga 1Ϫx N barrier layer, which would be accompanied by a reduction in the piezoelectric contribution to polarization charge at the heterojunction interface; an additional possibility is formation of compensating defects in the Al x Ga 1Ϫx N layers. Theoretical analysis has indicated that incorporation of In into the barrier and/or channel layers can substantially increase the polarization charge present at the 2DEG heterojunction interface. The use of polarization effects to engineer Schottky barrier structures with substantially increased barrier heights has also been discussed, and current-voltage characteristics of HFETs incorporating either conventional Al x Ga 1Ϫx N barriers or polarization-enhanced barriers have been presented. The increase in barrier height in the polarization-enhanced structures leads to a marked suppression in gate leakage current but has a negligible effect on transistor breakdown voltage, as breakdown in these transistor structures was found to be dominated by impact ionization rather that gate tunneling.
